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Aim We develop a framework for quantifying invasions based on lagged trends
in invasions (‘invasion debt’) with the aim of identifying appropriate metrics to
quantify delayed responses at different invasion stages – from introduction to
when environmental impacts occur.
Location World-wide; detailed case study in South Africa.
Methods We define four components of invasion debt: the number of species
not yet introduced but likely to be introduced in the future given current levels
of introduction/propagule pressure; the establishment of introduced species; the
potential increase in area invaded by established species (including invasive spe-
cies); and the potential increase in impacts. We demonstrate the approach in
terms of number of species for 21 known invasive Australian Acacia species
globally and estimate three components of invasion debt for 58 Acacia species
already introduced to South Africa by quantifying key invasion factors (envi-
ronmental suitability, species invasion status, residence time, propagule pres-
sure, spread rate and impacts).
Results Current global patterns of invasive species richness reflect historical
trends of introduction – most acacia species that will become invasive in south-
ern Africa have already invaded, but there is a substantial establishment debt in
South and North America. In South Africa, the likely consequence of invasion
debt over the next 20 years was estimated at: four additional species becoming
invasive with an average increase of 1075 km2 invaded area per invasive species.
We estimate that this would require over US$ 500 million to clear.
Main conclusions Our results indicate that invasion debt is a valuable metric
for reporting on the threats attributable to biological invasions, that invasion
debt must be factored into strategic plans for managing global change, and, as
with other studies, they highlight the value of proactive management. Given
the uncertainty associated with biological invasions, further work is required to
quantify the different components of invasion debt.
Keywords
Acacia, biological invasions, climatic suitability, global change, invasive
species, lag phase, risk assessment, tree invasions.
INTRODUCTION
The economic and environmental impacts of alien species
have increased rapidly in extent and severity over the past
few decades (Pimentel et al., 2001; Butchart et al., 2010).
How to quantify and report on this increasing biodiversity
threat is a matter of debate (Pereira et al., 2013). Quantifying
the potential future extent and impact of biological invasions
is challenging for several reasons, including: (1) the patterns
and extent of alien species are generally poorly documented
(McGeoch et al., 2010), resulting in an underestimate of the
extent of the invasion problem caused by the subset of spe-
cies causing negative environmental or socio-economic
impacts; (2) biological invasions and their impacts often
occur long after species were initially introduced to a region
(Kowarik, 1995; Essl et al., 2012); and c) patterns of
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biological invasions result from complex interactions of cli-
matic, land cover, economic, ecological and demographic
variables (Pysek et al., 2010; Essl et al., 2011; Richardson &
Pysek, 2012).
Scientists and policy-makers have developed a wide range
of pre-border invasive species risk assessments to predict
which species will become invasive if introduced (Kumschick
& Richardson, 2013). Although risk assessment protocols are
widely applied, their overall usefulness in reducing problems
with biological invasions has been questioned – more com-
prehensive assessments are certainly needed to improve their
effectiveness (Hulme, 2012; Leung et al., 2012). A comple-
mentary approach for dealing with biological invasions
focusses on post-entry, adaptive management of introduced
taxa (Groves, 2006; Hulme, 2012; Wilson et al., 2013). This
approach targets species at an early stage of the invasion pro-
cess to improve management effectiveness. However, robust
conceptual frameworks to guide such interventions are lack-
ing. In this study, we: (1) disentangle the components of
lagged invasions which pertain to different invasion stages;
(2) clarify key aspects and mechanisms; (3) suggest appropri-
ate metrics to quantify delayed responses at different inva-
sion stages; and (4) provide an application of the concept
using invasions of Australian Acacia species.
INVASION DEBTS AT DIFFERENT INVASION
STAGES: FUNDAMENTALS AND KEY ASPECTS
The term ‘invasion debt’ has been used to describe the time-
delayed invasion of species already introduced to a region
(Seabloom et al., 2006; Essl et al., 2011). Given the time-lag
between the introduction and the invasion phases in the
introduction–naturalization–invasion process, many species
which will become invasive in given regions have already
been introduced, but have yet to reach their full invasion
potential (Gasso et al., 2010). Biological invasions are hard
to predict because of the large number of factors influencing
the different stages of the invasion continuum. Even if we
assume that current drivers of biological invasions (e.g. trade
patterns, propagule pressure, environmental change) will
remain the same, new species will be introduced and some
of the species already introduced will progress along the
invasion continuum to become invasive. The concept of
invasion debt is thus similar to that of extinction debt origi-
nally used by Tilman et al. (1994) to describe the time-
delayed extinction of species that occur in remnant patches
of natural habitat following habitat destruction. A cessation
in habitat destruction will not protect species threatened by
past habitat lost; similarly, new introductions are in many
cases inevitable (e.g. through the Suez Canal; Galil et al.,
2015); and even effective pre-border control will not prevent
escalating impacts from species that have already been intro-
duced (Seabloom et al., 2006; Essl et al., 2011). Although
invasion debt has been recognized as a major problem, it
remains to be operationally defined and few attempts have
been made to quantify it. Here, we propose that an initial
estimate of invasion debt for a region or a taxon can be
quantified using a few reliable and widely available predictors
of biological invasions.
The species in an area or country can be conceptualized as
consisting of three pools of species: the native pool, the intro-
duced pool and, nested within the introduced pool, the inva-
sive pool – with an additional pool of species from around the
world that are not yet present in the region but that could
potentially be introduced. An alien species will become
invasive if it is able to overcome a series of biotic and abiotic
barriers that mediate introduction, survival, reproduction, dis-























































Eq. 1 Eq. 2 Eq. 3 Eq. 4
Barriers framework
Components
Figure 1 Conceptual framework for quantifying invasion debt in terms of number of species, potential area invaded and impact, aligned
with the invasion framework of Blackburn et al. (2011). Complete formulae are listed in Box 1. Note that invasion debt can increase or
decline over time as established populations succeed or fail, invasive ranges expand or contract, and impacts accumulate or decline.
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(Blackburn et al., 2011). We define invasive species as intro-
duced species with individuals dispersing, surviving and repro-
ducing at multiple sites across a greater or lesser spectrum of
habitats and extent of occurrence (sensu Blackburn et al.,
2011). Invasion debt can be conceptualized as a consequence
of the time-lag existing across all invasion stages, from intro-
duction to when the invader is sufficiently abundant and wide-
spread to cause impacts. We therefore define invasion debt as
the additional amount of invasion that could take place in the
future in a given region. Invasion debt can be divided into four
components, related to the invasion process and the various
stages an introduced species has to go through (Blackburn
et al., 2011). These are (1) the additional number of species
that could become introduced (introduction debt); (2) the
additional number of species that could become established
(establishment debt), (3) the additional area that could be
invaded (spread debt); and (4) the additional environmental
and socio-economic impact that could result from these inva-
ders (impact debt) (Fig. 1).
Invasion debt therefore considers major dimensions of
invasion biology (namely introduction dynamics, species
invasiveness, habitat invasibility and global change outcomes)
and allows for their quantification using a series of simple
metrics (Fig. 1, Tables 1 & 2). The concept (and associated
metrics) of invasion debt builds on existing invasion theory
and approaches. It differs from other approaches in provid-
ing a comprehensive series of metrics along the introduc-
tion–naturalization–invasion continuum under one concept.
Components of invasion debt (as proposed here) have been
previously calculated for single taxa (e.g. Acacia paradoxa;
Moore et al., 2011) or for one or two components only (e.g.
establishment debt for Cactaceae; Novoa et al., 2015). To
our knowledge, the concept of invasion debt has not been
quantified for a large group of taxa across all stages of the
introduction–naturalization–invasion continuum. Through-
out the study, we illustrate ways to quantify three of the four
components of invasion debt for Acacia species globally and,
in more detail, for South Africa. For the purpose of illustrat-
ing the concept, we assume that the current drivers of bio-
logical invasions will not change. Under a ‘Business As
Usual’ scenario, no major changes in the factors responsible
for invasion are expected. However, at all stages, there is
some level of uncertainty and over time, invasion debt can
increase or decrease given changes in the factors influencing
each stage.
Integrating individual invasion debt components
and appropriate metrics
Here we describe each component of invasion debt in more
detail and propose appropriate metrics to quantify each (see
Box 1).
We define introduction debt as the additional number of
species that will be introduced to a given area or country
Table 1 The concept of invasion debt provides an important link between invasion science and management and policy.
Component Purpose Management implications
Formulation
(see Box 1) Example
Introduction debt Identification of likely new
introductions
Development of pre-border biosecurity
Prioritization of species for risk
assessment
Comparison between different







Development of post-border biosecurity
Pro-active measures to prevent
spread of potential invasive species
Dinv(S) Figure 2
Spread debt (area-based) Identification of additional
areas likely to be invaded
Identification of priority areas for control
Identification of areas where
spread-reduction methods are required
Spatial planning of the management of
biological invasions
Dinv(A) Figure 3
Impact debt (impact-based) Identification of likely
impacts and their associated
costs
Determine returns on investment




Table 2 Invasion debt for Australian Acacia species in South
Africa. The various components of invasion debt were calculated
based on species attributes, current and potential distribution,





Number of introduced species 66 species Not estimated here
Number of invasive species 14 species 4 species
Area invaded 244,835 km2 62,260 km2
Impact US$ 83.1 M* US$ 593.6 M
*Cost of Acacia clearing from 1998 to 2008 by the Working for
Water programme (this represents an underestimate of the real
impacts).
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over a given period. Many of these introductions will fail,
others will never establish, and a small fraction will estab-
lish and a subset of these will become invasive (e.g.
Williamson & Fitter, 1996). Introduction debt can be quan-
tified as a function of the probability of a non-
introduced species (part of the global species pool) to be
introduced to the focal area during a specific period (e.g.
20 years). This probability will vary between species and
over time. Although not considered here, changes in inva-
sion drivers will result in introduction probability varying
over time (e.g. new pathways or change in species trade
patterns; Seebens et al., 2015), but obviously the longer the
Box 1 Formulation of invasion debt.
We here derive equations for quantifying invasion debt in terms of the number of species to become introduced (Introduction
Debt, Dint), the number of species to become established (Establishment Debt, Dinv(S)), the potential area invaded (Spread Debt,
Dinv(A)) and the potential impact (Impact Debt, Dinv(I)) as functions of time (T). Let pj be the probability that a non-introduced
species j (part of the global species pool (S)) is introduced to the focal area during a specific year t. The introduction debt (Fig. 1)






ð1 pjÞt  pj: (1)
Let SI be the current introduced species pool, SNI the current non-invasive introduced species pool, SIN the current invasive
species pool; we have SI = SNI + SIN. The pool of introduced species at year T will be, SI(T) = SI + Dint[T]. Note that we
separate introduction debt from the following formulation of invasion debt (Fig. 1).
The establishment debt (species-based invasion debt, Fig. 1) from now (year 0) to year T due to current non-invasive




/j  aj; (2)
where aj is the establishment probability of introduced species j (aj = 1 if Aj > e and aj = 0 otherwise, where Aj is the climat-
ically suitable area size and e the minimum occupancy for growth and spread); /j is an compound probability of invasion,
including factors of propagule pressure, residence time and species characteristics, and can be further specified pending on
data availability.
The spread debt (area-based invasion debt, Fig. 1) from now to year T is:
DinsðAÞ½T ¼ DinvðA1Þ½T þ DinvðA2Þ½T: (3)
The first term on the right is the debt from current invasive species, and the second term is the debt from non-invasive
introduced species. The above formula can be further specified based on relevant scenarios. For instance, let rj be the
exponential rate of range expansion for species j, aj be the current occupied area size by introduced species j, e the minimum
occupancy for initiating spread, and let T0j and Tj be the residence time and time-lag before spread of species j; we can have




maxfAj  ajerjT ; 0g þ
X
j2SNI
/j  aj maxfAj  e  erjðT0jTjþTÞ; 0g:
The impact debt (impact-based invasion debt, Fig. 1) from now to year T can be estimated as the following,
DinvðIÞ½T ¼ DinvðI1Þ½T þ DinvðI2Þ½T: (4)
The first term on the right Dinv(I1) indicates the impact-based invasion debt for current invaded areas, and the second term
Dinv(I2) indicates the impact-based invasion debt for future invaded areas. As above, these two terms can be further specified
for relevant scenarios. For instance, let Ij(t) be the annual impact of species j per unit area after t year since first arrival, at,j
the area that has been occupied by species j for t years (aj ¼
PT0j









at 0;j  Ijðt0 þ tÞ:
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period under consideration the greater the probability of a
given species being introduced. The consequence of any
introduction can then be calculated as the increase in inva-
sion debt (Fig. 1, Table 1, Box 1).
Establishment debt is a species-based component and rep-
resents the difference in species richness between the current
invasive pool and some estimated future invasive pool [for-
mulated here specifically for species originating from the
introduced (but not invasive) species pool, Fig. 1, but in
practice it can also include new introductions that subse-
quently become invasive]. As the time between introduction
and naturalization can be several decades for some taxa
(Caley et al., 2008; Larkin, 2012), a large number of future
invasive species have already been introduced and are pro-
gressing at different rates along the introduction–naturaliza-
tion–invasion continuum (Richardson & Pysek, 2012),
amounting to a substantial invasion debt.
Many factors influence the establishment debt. Key fac-
tors are as follows: (1) the number of introduced species
(the more introduced species, the more likely some will
become established); (2) the environmental suitability for
each species to establish a viable population (species will
be more likely to become established and invasive where
the environmental conditions match its native environ-
ment); (3) species attributes (some traits are related to spe-
cies establishment and invasiveness); (4) the length of time
a species is present in an area (residence time and invasion
rate are usually positively correlated; Wilson et al., 2007);
and (5) propagule pressure (species introduced in large
numbers and at repeated times have a greater probability
of invasion). Establishment debt can be either quantified as
the sum of the combined probability across all factors
mentioned above for all introduced species, or as the num-
ber of species which are likely to establish (Box 1, equa-
tion 1). The concept of establishment debt, resulting in an
increase in the number of naturalized species, can be
extended to an increase in area and impact of invasive spe-
cies (see below).
Spread debt: There is often a substantial delay between a spe-
cies first being recorded as invasive and spreading to many
suitable sites, with species occupying the full available
distribution at a broad scale often only after several
centuries (Wilson et al., 2007; Williamson et al., 2009),
again amounting to a substantial debt. Area-based invasion
debt, termed spread debt, is expressed as the additional area
that invasive species will likely occupy in the focal region
over a given time period (Fig. 1). Spread debt takes into
account both already invasive species and introduced species
which will become invasive and spread over time. It is
determined by (1) the probability that a species will become
invasive (see above); (2) the environmental suitability of a
region for each species; (3) the rate of spread (both natural
and human-mediated) of that species; and (4) propagule
pressure (Box 1).
Impact-based invasion debt is an estimate of the additional
impact [i.e. deleterious effects on native biota (Blackburn
et al., 2014) or socio-economy (Binimelis et al., 2007)] that
current and future invasive species will have in the focal
region over a given time period. Impacts of biological inva-
sions include both negative environmental effects (e.g.
decrease in population of native biota) and socio-economic
costs (e.g. loss of grazing land). While in some cases impact
is directly proportional to area affected, impacts can increase
with time, often in a nonlinear fashion (Kumschick et al.,
2015). While this is harder to quantify than the species- and
area-based measures, it is an essential component to inform
decision-making on the management of biological invasions.
Impacts can be modelled in various ways but will most likely
include parameters such as the area invaded, the characteris-
tics of the invaded area (e.g. high-biodiversity areas versus
anthropogenic habitats), changes in ecosystem functioning
and the economic costs of managing the invasive species. A
direct measure, and one more easily quantified, is to estimate
the management costs that an invasion will occur, although
the costs for a response often do not correlate to the impact
caused. Impact-based invasion debt will be typically
expressed as the financial cost of invasive species in newly
invaded areas, although could be modified to include other
internationally standardized metrics (e.g. Blackburn et al.,
2014).
Clearly, the invasion debt could increase or decrease in a
focal region in particular due to management or global















ajeðerjðt 0þ1Þ  erjt0 ÞIjðt þ t0Þ
where the first term on the right is the impact due to future range expansion of current invasive species, and the second term
is the future impact of currently non-invasive introduced species. More realistic formulae can be developed following the
above procedure and framework in Fig. 1.
Box 1 Continued
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change factors. For example, successful pre-introduction
measures (e.g. border quarantine procedures) will reduce the
likelihood of new introductions, eradication efforts will
reduce establishment debt, while climate change can increase
or decrease the potentially suitable area and so the spread
debt (Thuiller et al., 2007). Our proposed framework (Fig. 1)
can be used to measure both increases and decreases in inva-
sion debt.
MEASURING INVASION DEBT AT DIFFERENT
INVASION STAGES
We demonstrate the concept of invasion debt using global
and regional (within South Africa) introductions/invasions of
Australian Acacia species as the model system. Although we
illustrate the concept using plants, it can also be applied to
other taxa.
Establishment debt of Australian acacias world-wide
Australian Acacia species have been proposed as a model
group for studying the multiple dimensions of woody
plant invasions (Richardson et al., 2011; Kueffer et al.,
2013). Unlike some groups of woody plants (e.g. Pinus;
Richardson, 2006), no species traits or life history syn-
dromes in Australian acacias clearly separate invasive from
non-invasive taxa (Gibson et al., 2011). Measures of
propagule pressure and human usage and climatic suitabil-
ity most strongly determine whether an invasion will occur
in this group (Castro-Dıez et al., 2011; Wilson et al.,
2011). Despite the numerous studies on invasive Acacia
species, basic data are still lacking to develop comprehen-
sive models of invasion debt (see, e.g. Leung et al., 2012
for a comprehensive framework on risk assessment). For
example, we do not know the invasion status of intro-
duced acacias for many countries. Our case study of
Acacia invasion debt is therefore based on a few reliable
and widely available factors and is presented here to illus-
trate the concept and utility of invasion debt. More com-
plex quantification of invasion debt can be developed in
the future as more data and better modelling tools become
available.
Globally, we could only calculate establishment debt (the
additional number of invasive species) across thirteen
regions of the world as data were lacking to calculate
the other components. Our measure of establishment
debt was calculated based on the following factors: poten-
tial range, propagule pressure and invasion status (intro-
duced or invasive) in the various regions (see Box 1,
equation 1).
The invasion status of the species was determined using
two datasets. We used the data on known invasive acacias
across thirteen regions of the world (Richardson et al., 2011;
Rejmanek & Richardson, 2013) to list invasive species per
region. We scrutinized the GBIF database (www.gbif.org,
accessed June 2011) to list additional species which have
been introduced per region (but not yet listed as invasive
according to Richardson et al., 2011).
Forecasting the suitable range of alien species is riddled
with uncertainty. Various approaches have been suggested to
model potential species distribution. For alien species, pres-
ence–absence models are likely to be unreliable as alien spe-
cies are often not in equilibrium with the environment, and
absences in a given location might simply reflect the spread
dynamics of the species (i.e. the species has not reached this
location) and not its habitat suitability. Given the uncer-
tainty associated with species distribution modelling of alien
species (e.g. Webber et al., 2011 for Acacia cyclops and Acacia
pycnantha), we used several presence-only models as poten-
tial indicators of the suitable range of introduced species and
combined models considered acceptable (see below). Ensem-
ble modelling has recently been developed and is considered
as a robust technique to predict species distributions,
addressing several limitations of previous modelling tech-
niques (Araujo & New, 2007; Thuiller et al., 2009; Drake,
2014). This allowed us to estimate the additional range of
each introduced species per region.
Three presence-only models were selected (Bioclim, Maha-
lanobis Distance and Domain; Tsoar et al., 2007) which
identified climatic niches for each acacia species. All models
used the following six bioclimatic variables: maximum tem-
perature in warmest month, minimum temperature in cold-
est month, precipitation in wettest quarter, precipitation in
driest quarter, precipitation in warmest quarter and precipi-
tation in coldest quarter. The predictor variables were
obtained from the WorldClim database (Hijmans et al.,
2005) at 10-min spatial resolution. Models were calibrated
and evaluated based on distribution records of Acacia spe-
cies in Australia only (native range) from the Australian Vir-
tual Herbarium using a 80/20 split for calibration and
evaluation. GBIF records were considered unreliable to esti-
mate the location of invasive records (not cultivated or
managed) outside Australia. We standardized all records to
10 min (thus removing duplicates within 100 cells) and
developed three models per species (with a minimum of 50
records). To evaluate model performance, we used the area
under the receiver-operating characteristic curve (AUC). A
set of pseudo-absences equal to the number of presences for
each species was generated by randomly selecting points
within a 50-km buffer area around species occurrences in
the native range. Pseudo-absences were only used for model
evaluation and not for model calibration. The mean AUC
for each of the three model types was calculated by ran-
domly selecting training records five times (k-fold = 5) for
each model run. Only models with a mean AUC ≥ 0.70
were selected for further analysis; other models were dis-
carded. This resulted in between 1 and 3 models for 21 of
the species, with only Acacia holosericea and Acacia salicina
having no models with an AUC ≥ 0.70. All models were
converted to binary presence/absence suitability maps using
a threshold to maximize species prevalence. For species with
more than one model, all areas identified by at least one
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model were considered to be suitable. We then calculated
the number of cells and proportion of the country predicted
to be suitable for each species. To assign the probability of
establishment (aj in Box 1) based on habitat suitability, we
used a threshold (e) of 10 cells, or 10% of the country,
whichever was smaller. This threshold was slightly arbitrary
but for most cases (86%), habitat suitability was either
below 5 or above 15 cells. We assigned a probability of
aj = 1 if the potential distribution in the country exceeded
the threshold (otherwise aj = 0).
In addition to habitat suitability, we used information on
propagule pressure and the invasion status of the species to
calculate the invasion probability of each species. In other
words, species with large suitable habitat, species with high
propagule pressure, and that are known to be invasive else-
where (Rejmanek & Richardson, 2013) were assigned a high
probability of invasion. We estimated propagule pressure
according to species use in each region. Propagule pressure
was considered higher for species used in large-scale forestry,
erosion control and agro-forestry and lower for other uses
(see Donaldson et al., 2014a). We assigned a probability (p1)
of 1 for species with high propagule pressure, and 0.5 for
others. For species characteristics, we assigned a probability
(p2) of 1 for species known to be invasive elsewhere and 0.5
for others. For each species, the compound probability of
invasion (/j) was calculated as the product of the individual
probability for each factor (/j = p1 9 p2), and the invasion
probability of an introduced species as aj 9 /j (as in
equation 2). The establishment debt of a region was calcu-
lated as the sum of probabilities for all introduced non-inva-
sive species in the region.
Further improvement is needed to derive invasion proba-
bility based on the factors mentioned above. Here, due to
data limitations, a relatively simple approach was used to
quantify invasion debt globally. The generic equations of
invasion debt, proposed in Box 1, however allow for more
complex approaches to be developed.
Quantifying Acacia establishment, spread and
impact debt in South Africa
We were able to quantify three components of invasion
debt (establishment, spread and impacts) for South Africa
as Australian acacia invasions have been particularly well
studied in this country (Van Wilgen et al., 2014). To esti-
mate the establishment debt, we used a similar approach as
for the global establishment debt. For the purpose of quan-
tifying the current distribution of invasive species in South
Africa, we used the Southern African Plant Invaders Atlas
(SAPIA, accessed June 2011, Henderson, 1998), forestry trial
records (Poynton, 2009) and herbarium searches. As most
of the data in SAPIA were recorded at 15-min spatial reso-
lution, we produced models (using the same approach as
described above) for all 66 Australian Acacia species
recorded in South Africa using climatic predictor variable
grids that were resampled to 15-min spatial resolution for
South Africa. We calibrated and validated the three pres-
ence-only models based on the distribution records in Aus-
tralia (as for the global debt) and in South Africa
(introduced range) for species with more than 20 records.
Models were only considered acceptable if AUC ≥ 0.7. This
resulted in models for 58 of the 66 species. We calculated
the number of cells that were predicted to be climatically
suitable for each of the 58 species introduced to South
Africa and applied a threshold of 10 cells. We assigned a
probability of aj = 1 if the potential distribution in the
country exceeded the threshold (otherwise aj = 0). In addi-
tion to habitat suitability, the probability of invasion was
also determined by the species invasion status (i.e. whether
the species is invasive elsewhere in the world), propagule
pressure and residence time. We used the same probability
values as above for the criteria related to species invasion
status (p1) and propagule pressure (p2). For residence time,
we assigned a probability (p3) of 1 for species introduced
before 1877 (mean introduction date for invasive acacias in
Figure 2 Species-based invasion debt
for 13 regions of the world based on 21
Australian Acacia species known to be
invasive. Invasion debt represents the
additional number of future invasive
species originating from the introduced
species pool.
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South Africa), and 0.5 otherwise. For each species, the
compound probability of invasion (/j) was calculated as
the product of the individual probability for each factor
(/j = p1 9 p2 9 p3), and the invasion probability of an
introduced species as aj 9 /j (as in equation 2). The estab-
lishment debt of South Africa was calculated as the sum of
probabilities for all introduced species in South Africa.
To estimate spread debt, we used the following criteria:
(1) probability of invasion (see above); (2) suitable area a
species could occupy; and (3) spread rate. For each species,
we calculated the additional area of natural habitats that a
species could potentially invade (based on 2009 land cover;
source: South African National Biodiversity Institute). We
subtracted the area known to be occupied (obtained from
SAPIA, GBIF and forestry trials (Motloung et al., 2014))
from the area predicted to be suitable by the habitat suitabil-
ity model (we only considered natural habitats). This repre-
sents the total area the species could occupy (based on 15-
min cells) without considering its density. Invasion debt was
plotted for each species against its status in South Africa (in-
troduced, established or invasive). For each species, the
spread debt was calculated by multiplying the probability of
invasion by the unoccupied suitable area. This calculation of
spread debt excludes relaxation time and is a simplification
of the invasion debt concept.
We also estimated spread debt over a 20-year horizon as
this is a period long enough to provide a long-term perspec-
tive needed in IAS management decisions, and short enough
that it is still in the temporal scope of IAS management
planning (e.g. the Working for Water programme). The
annual rate for increase of spatial extent of invasive Acacia
species in South Africa has been estimated at 10% (van
Wilgen et al., 2012); no information was available to differ-
entiate spread rate among invasive Acacia species. As the
spread rate of species that are currently introduced but not
yet invasive is not known, we used a simple exponential
model based on a 10% annual increase for all species. We
assumed that the species would only spread within its climat-
ically suitable area (as defined above). Although both the
current and potential distribution of species was recorded at
a resolution of 15-min grid cells, we could not assume that
species occupy the full extent of each grid cell. We therefore
assumed a species density of 1% per 15-min grid cell (a con-
servative estimate).
To estimate the impact-based invasion debt over a 20-
year horizon, we used the following criteria: (1) spread
debt over 20 years (as above); and (2) impact costs.
Although the environmental impacts of invasive Acacia
have been quantified in South Africa with regard to water
use, lost grazing potential and biodiversity loss (De Wit
et al., 2001; Van Wilgen et al., 2008), these impacts are
context-specific (i.e. they vary according to the area
invaded). As we cannot predict with sufficient accuracy
where the species are likely to invade in order to estimate
the environmental costs, we used the cost of clearing inva-
sive species as a proxy for impacts. Management costs in
South Africa have been well quantified in the national
Working for Water programme. Clearing methods and
costs are similar for all invasive Acacia species in South
Africa, and we used a value of US$9535 per invaded km2
as an estimate of the cost of clearing invasive Acacia
(based on Working for Water costs). We calculated the
total cost of clearing invasive Acacia after 20 years of
spread (i.e. once-off clearing cost after 20 years of spread).
A similar approach was used to quantify the impacts and
















Figure 3 Area-based invasion debt (spread
debt) for Australian Acacia species that are
introduced, established or invasive to South
Africa plotted against the area that they
currently occupy (at 15-min spatial resolution).
The top line across the figure indicates the area
occupied by most widespread invasive species
(ca. 318,000 km²) currently in South Africa
(area ca. 1,200,000 km²), while the lower line
indicates the median area (ca. 72,000 km²) of
all currently invasive acacia species in South
Africa. Species names: adu – A. adunca; ela –
A. elata; flo – A. floribunda; imp – A. implexa;
mea – A. mearnsii; par – A. paradoxa; sal –
A. saligna; ver – A. verticillata.
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et al., 2011). Given the uncertainties associated with quan-
tifying impact-based invasion debt, our estimates should
be interpreted with caution but demonstrate the potential
of using the concept of invasion debt to estimate future
impacts.
RESULTS
Establishment debt varies across 13 regions of the world, with
several regions facing a considerable increase in the number of
invasive Australian Acacia species (Fig. 2). For example, five of
the seven introduced acacia species in South America are pre-
dicted to become established based on habitat suitability, spe-
cies invasion status in other regions and propagule pressure.
In South Africa, 14 acacia species are already invasive and
an additional four species (one currently established, and
three currently introduced) could become established out of
the 45 modelled species that are currently not invasive. Many
species have a very low probability of establishment with 17
unlikely to become established.
The spread debt was estimated to almost double the cur-
rent extent of acacia invasion with a median increase value
of 2330 km2 per species (unlimited time window, Fig. 3).
Five introduced species (A. acinacea, A. aneura, A. decora,
A. pendula and A. verticillata) have a considerable spread
debt (Fig. 3). Acacia elata and A. paradoxa, two species that
are currently invasive, have the highest invasion debt
(Fig. 3). Acacia paradoxa is currently invasive only at one
locality in the country (Zenni et al., 2009), whereas A. elata
is invasive at many localities but occupies only 4.5% of its
potential range in the country (Donaldson et al., 2014b).
Similarly, populations of A. implexa in South Africa cur-
rently comprise around 30,000 individuals spread over about
600 ha in three geographically distinct populations, all in the
Western Cape province, but the species has a large potential
range in the country (Kaplan et al., 2012).
Over a 20-year period, the spread debt ranged between 0
for species unlikely to spread any further (n = 18) to over
10,000 km2 for A. dealbata and A. mearnsii. Given the esti-
mated cost associated with managing Acacia invasions, this
translates into economic impacts of up to US$ 174 million
(in current value) per species based on control costs of 9535
US$ per km2. If left unmanaged, the clearing cost of the
invasion debt of Australian acacias in South Africa over the
next 20 years will exceed US$ 500 million.
DISCUSSION
We have shown that predicting future invasion is riddled
with uncertainty but that the concept of invasion debt
provides a simple, practical approach for quantifying the
extent of impending invasions that is easily translatable
into policy documents. Separating the invasion debt into
components corresponding to invasion phases allows one
to estimate the contribution of the different invasion stages
to the debt. The approach presented here allows for the
consideration of species already introduced to a focal
region (not explicitly included in previous frameworks)
and species not yet present, but likely to be introduced
given current levels of propagule pressure and habitat suit-
ability. Using three key metrics (species, area and costs) to
represent its four components, this approach could inform
policy and management and places the emphasis on pro-
active management. In contrast, previous measures for bio-
logical invasions (e.g. McGeoch et al., 2010) provide an
indication of current status, but not of future threat. Van
Wilgen et al. (2011) proposed an approach for assessing
management options for different species based on their
current distribution, commercial value versus impacts and
other considerations. The quantification of invasion debt
provides an additional layer for informing such strategic
planning.
Introduced species sometimes remain as small populations
for extended periods (often many decades) before suddenly
expanding and becoming seriously invasive (Groves, 2006).
The challenge is to act early and target those species with
small populations but large potential impacts: those with
large invasion debt (species at the top left of Fig. 3). The
future benefit of controlling species with a large invasion
debt (top of y-axis, Fig. 3) is high relative to the cost of con-
trol. The eradication feasibility of species however decreases
as the area that they occupy increases (Fig 3. x-axis). Species
like A. paradoxa, for example, should be prioritized for erad-
ication in South Africa as it has a very large invasion debt.
Moore et al. (2011) demonstrated that eradicating A. para-
doxa would be cost-effective based on a detailed study of
various management options (eradication, containment or
take no action). By contrast, species such as A. saligna have
lower spread debts in South Africa because they have already
invaded much of their potential range and are no longer
viable candidate for eradication, but the likely increase in
impacts over the short term will be very high if there is no
control.
Our ability to predict and manage future invasions is how-
ever limited by the lack of basic knowledge on introduced
species and robust invasion models. Despite comprehensive
risk assessment tools being developed (see Leung et al.,
2012), we found that modelling species habitat suitability
and spread lack consistency. Furthermore, most countries
lacked information on the distribution and status of intro-
duced Acacia species, although they are a relatively well-stu-
died group. There is an urgent need to collect basic
distribution data on introduced species in a systematic man-
ner to inform the management of tomorrow’s new invasive
species. One of the main challenges for the practical imple-
mentation of introduction debt and invasion debt will be to
develop consistent measures to describe uncertainty.
We suggest that invasion debt is a useful concept for dis-
entangling and quantifying the scale of future invasions, for
long-term prioritization of management efforts, for raising
awareness of invasion problems, and for comparing threats
between countries and taxa. Quantifying invasion debt will
Diversity and Distributions, 22, 445–456, ª 2015 John Wiley & Sons Ltd 453
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however require robust estimates of invasion risk, spread and
associated impacts.
ACKNOWLEDGEMENTS
We are grateful for data from the Southern African Plant
Invaders Atlas and Australia’s Virtual Herbarium (the latter
used with permission of the Council of Heads of
Australasian Herbaria Inc.). We acknowledge funding from
the National Research Foundation (grants 76912, 81825 and
89967 to C.H.; grant 85417 to D.M.R.) and the DST-NRF
Centre of Excellence for Invasion Biology. J.R.U.W. and
J.L.R. were supported by the South African National Depart-
ment of Environment Affairs through its funding of the
South African National Biodiversity Institute’s Invasive Spe-
cies Programme. F.E. received funding from the Austrian
Science Foundation (FWF grant I2096-B16). M.R. and C.H.
acknowledge support from the South African Research
Chairs Initiative of the Department of Science and Technol-
ogy and the National Research Foundation of South Africa.
We thank delegates to a workshop on ‘Tree invasions – pat-
terns & processes, challenges & opportunities’ in Bariloche,
Argentina, in September 2012 for useful inputs to the origi-
nal formulation. This work was also supported by the
National Socio-Environmental Synthesis Center (SESYNC;
NSF DBI-1052875), by the Helmholtz Centre for Environ-
mental Research – UFZ, and by sDiv, the Synthesis Centre of
iDiv (DFG FZT 118). We are most grateful for constructive
comments from Christoph Kueffer, two anonymous referees
and the handling editor, Ingolf K€uhn.
REFERENCES
Araujo, M.B. & New, M. (2007) Ensemble forecasting of spe-
cies distributions. Trends in Ecology & Evolution, 22, 42–47.
Binimelis, R., Born, W., Monterroso, I. & Rodrıguez-Labajos,
B. (2007) Socio-economic impact and assessment of bio-
logical invasions. Biological invasions (ed. by W. Nentwig),
pp. 331–347. Springer, Berlin.
Blackburn, T.M., Pysek, P., Bacher, S., Carlton, J.T., Duncan,
R.P., Jarosık, V., Wilson, J.R.U. & Richardson, D.M.
(2011) A proposed unified framework for biological inva-
sions. Trends in Ecology & Evolution, 26, 333–339.
Blackburn, T.M., Essl, F., Evans, T., Hulme, P.E., Jeschke,
J.M., K€uhn, I., Kumschick, S., Markova, Z., Pergl, J., Pysek,
P., Rabitsch, W., Ricciardi, A., Richardson, D.M., Vila, M.,
Wilson, J.R.U., Winter, M., Genovesi, P. & Bacher, S.
(2014) A unified classification of alien species based on the
magnitude of their environmental impacts. PLoS Biology,
12, e1001850.
Butchart, S.H., Walpole, M., Collen, B., van Strien, A.,
Scharlemann, J.P., Almond, R.E., Baillie, J.E., Bomhard, B.,
Brown, C. & Bruno, J. (2010) Global biodiversity: indica-
tors of recent declines. Science, 328, 1164–1168.
Caley, P., Groves, R.H. & Barker, R. (2008) Estimating the
invasion success of introduced plants. Diversity and Distri-
butions, 14, 196–203.
Castro-Dıez, P., Godoy, O., Salda~na, A. & Richardson, D.M.
(2011) Predicting invasiveness of Australian acacias on the
basis of their native climatic affinities, life history traits
and human use. Diversity and Distributions, 17, 934–945.
De Wit, M., Crookes, D. & Van Wilgen, B.W. (2001) Con-
flicts of interest in environmental management: estimating
the costs and benefits of a tree invasion. Biological Inva-
sions, 3, 167–178.
Donaldson, J.E., Hui, C., Richardson, D.M., Robertson, M.P.,
Webber, B.L. & Wilson, J.R.U. (2014a) Invasion trajectory
of alien trees: the role of introduction pathway and plant-
ing history. Global Change Biology, 20, 1527–1537.
Donaldson, J.E., Richardson, D.M. & Wilson, J.R.U. (2014b)
The seed ecology of an ornamental wattle in South Africa
—why has Acacia elata not invaded a greater area? South
African Journal of Botany, 94, 40–45.
Drake, J.M. (2014) Ensemble algorithms for ecological niche
modeling from presence-background and presence-only
data. Ecosphere, 5 art76. http://dx.doi.org/10.1890/ES13-
00202.1.
Essl, F., Dullinger, S., Rabitsch, W., Hulme, P.E., H€ulber, K.,
Jarosık, V., Kleinbauer, I., Krausmann, F., K€uhn, I., Nen-
twig, W., Vila, M., Genovesi, P., Gherardi, F., Desprez-
Loustau, M.-L., Roques, A. & Pysek, P. (2011) Socioeco-
nomic legacy yields an invasion debt. Proceedings of the
National Academy of Sciences USA, 108, 203–207.
Essl, F., Mang, T. & Moser, D. (2012) Ancient and recent
alien species in temperate forests: steady state and time
lags. Biological Invasions, 14, 1331–1342.
Galil, B.S., Boero, F., Campbell, M.L., Carlton, J.T., Cook, E.,
Fraschetti, S., Gollasch, S., Hewitt, C.L., Jelmert, A. &
Macpherson, E. (2015) ‘Double trouble’: the expansion of
the Suez Canal and marine bioinvasions in the Mediter-
ranean Sea. Biological Invasions, 17, 973–976.
Gasso, N., Pysek, P., Vila, M. & Williamson, M. (2010)
Spreading to a limit: the time required for a neophyte to
reach its maximum range. Diversity and Distributions, 16,
310–311.
Gibson, M.R., Richardson, D.M., Marchante, E., Marchante,
H., Rodger, J.G., Stone, G.N., Byrne, M., Fuentes-Ramırez,
A., George, N. & Harris, C. (2011) Reproductive biology of
Australian acacias: important mediator of invasiveness?
Diversity and Distributions, 17, 911–933.
Groves, R.H. (2006) Are some weeds sleeping? Some con-
cepts and reasons. Euphytica, 148, 111–120.
Henderson, L. (1998) Southern African plant invaders atlas
(SAPIA). Applied Plant Science, 12, 31–32.
Hijmans, R.J., Cameron, S.E., Parra, L.J., Jones, P.G. & Jarvis,
A. (2005) Very high resolution interpolated climate sur-
faces for global land areas. International Journal of Clima-
tology, 25, 1965–1978.
454 Diversity and Distributions, 22, 445–456, ª 2015 John Wiley & Sons Ltd
M. Rouget et al.
Hulme, P.E. (2012) Weed risk assessment: a way forward or
a waste of time? Journal of Applied Ecology, 49, 10–19.
Kaplan, H., Van Zyl, H.W.F., Le Roux, J.J., Richardson,
D.M. & Wilson, J.R.U. (2012) Distribution and manage-
ment of Acacia implexa in South Africa: is eradication an
option? South African Journal of Botany, 83, 23–35.
Kowarik, I. (1995) Time lags in biological invasions with
regard to the success and failure of alien species. Plant
invasions: general aspects and special problems (ed. by P.
Pysek, K. Prach, M. Rejmanek and M. Wade), pp. 15–38.
SPB Academic Publishing, Amsterdam.
Kueffer, C., Pysek, P. & Richardson, D.M. (2013) Integrative
invasion science: model systems, multi-site studies, focused
meta-analysis and invasion syndromes. New Phytologist,
200, 615–633.
Kumschick, S. & Richardson, D.M. (2013) Species-based risk
assessments for biological invasions: advances and chal-
lenges. Diversity and Distributions, 19, 1095–1105.
Kumschick, S., Gaertner, M., Vila, M., Essl, F., Jeschke, J.M.,
Pysek, P., Ricciardi, A., Bacher, S., Blackburn, T.M., Dick,
J.T.A., Evans, T., Hulme, P.E., K€uhn, I., Mrugala, A., Pergl,
J., Rabitsch, W., Richardson, D.M., Sendek, A. & Winter, M.
(2015) Ecological impacts of alien species: quantification,
scope, caveats and recommendations. BioScience, 65, 55–63.
Larkin, D.J. (2012) Lengths and correlates of lag phases in
upper-Midwest plant invasions. Biological Invasions, 14,
827–838.
Leung, B., Roura-Pascual, N., Bacher, S., Heikkil€a, J., Bro-
tons, L., Burgman, M.A., Dehnen-Schmutz, K., Essl, F.,
Hulme, P.E., Richardson, D.M., Sol, D., Vila, M. &
Rejmanek, M. (2012) TEASIng apart alien species risk
assessments: a framework for best practices. Ecology Letters,
15, 1475–1493.
McGeoch, M.A., Butchart, S.H.M., Spear, D., Marais, E.,
Kleynhans, E.J., Symes, A., Chanson, J. & Hoffmann, M.
(2010) Global indicators of biological invasion: species
numbers, biodiversity impact and policy responses. Diver-
sity and Distributions, 16, 95–108.
Moore, J.L., Runge, M.C., Webber, B.L. & Wilson, J.R.U.
(2011) Contain or eradicate? Optimizing the management
goal for Australian acacia invasions in the face of uncer-
tainty. Diversity and Distributions, 17, 1047–1059.
Motloung, R.F., Robertson, M.P., Rouget, M. & Wilson,
J.R.U. (2014) Forestry trial data can be used to evaluate cli-
mate-based species distribution models in predicting tree
invasions. NeoBiota, 20, 31–48.
Novoa, A., Le Roux, J.J., Robertson, M.P., Wilson, J.R.U. &
Richardson, D.M. (2015) Introduced and invasive cactus
species: a global review. AoB Plants, 7, plu078.
Pereira, H.M., Ferrier, S., Walters, M. et al. (2013) Essential
biodiversity variables. Science, 339, 277–278.
Pimentel, D., McNair, S., Janecka, J., Wightman, J., Sim-
monds, C., O’Connell, C., Wong, E., Russel, L., Zern, J. &
Aquino, T. (2001) Economic and environmental threats of
alien plant, animal, and microbe invasions. Agriculture,
Ecosystems & Environment, 84, 1–20.
Poynton, R.J. (2009) Tree planting in southern Africa: other
genera. Department of Agriculture, Forestry, and Fisheries,
Pretoria.
Pysek, P., Jarosık, V., Hulme, P.E., K€uhn, I., Wild, J., Ari-
anoutsou, M., Bacher, S., Chiron, F., Didziulis, V. & Essl,
F. (2010) Disentangling the role of environmental and
human pressures on biological invasions across Europe.
Proceedings of the National Academy of Sciences USA, 107,
12157–12162.
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